The one-dimensional character of electrons, phonons, and excitons in individual single-walled carbon nanotubes leads to extremely anisotropic electronic, thermal, and optical properties.
Hence, the current state of this field is that there is still no method available for producing large-area single-domain films of highly-aligned, densely-packed, and chirality-enriched SWCNTs, despite many years of efforts. The method we describe in the present article provides a uniform, wafer-scale (> cm 2 ) SWCNT film of an arbitrarily and precisely controllable thickness
(from a few nm to ∼100 nm) with a high degree of alignment (S ∼ 1) and packing (∼10 6 nan-controlled at a low speed. When these conditions are met, a wafer-scale, uniform, and aligned CNT film is formed on the filter membrane (Fig. 1b) .
The film can then be transferred to any substrate in a straightforward manner after dissolving the filter membrane in a proper solvent (see Methods). The result is a large-area, semi-transparent film of aligned CNTs, as shown in the optical (Fig. 1c) , scanning electron microscopy (Figs. 1d and 1e), and transmission electron microscopy (TEM) images (Figs. 1f). As the cross-sectional TEM image in Fig. 1g shows, the film is densely packed, with ∼10 6 CNTs found in a cross-sectional area of 1 µm 2 . Individual CNTs within the film are all aligned with each other, forming a globally ordered structure with an angle standard deviation of ∼1.5
• across the entire film (Fig. 1h ). The film is optically polarized, i.e., linearly dichroic (Figs. 1i and 1j), being opaque to light polarized parallel to the CNT alignment direction and transparent to light polarized perpendicular to the alignment direction. Using cross-polarized microscopy, strong optical anisotropy can be demonstrated both on a macroscopic (cm) scale ( Fig. 1i ) and a microscopic (µm) scale (Fig. 1j ), reflecting the global and local CNT alignment, respectively. Finally, the film can be easily patterned using conventional photolithography techniques (Fig. 1j) . NTs with an average tube diameter of 1.4 nm, taken with an excitation wavelength of 514 nm in two polarization configurations. The data was analyzed using standard equations for the angular dependence of SWCNT Raman spectra 9 to deduce the value of S, which was 0.96 for this particular film (see also Supplementary Information Section 3). Electromagnetic response of this film was strongly polarization dependent in the whole spectral range, from the terahertz (THz) to the visible, as shown in Fig. 2b with the energy axis on a logarithmic scale. In particular, there is no detectable attenuation within experimental errors for the perpendicular polarization in the entire THz/infrared range (< 1 eV) whereas there is a prominent, broad peak at ∼0.02 eV in the parallel case due to the plasmon resonance 22 . Figure 2c plots the same spectra with the energy axis on a linear scale, to more clearly show interband absorption -i.e., the first two interband transitions for semiconducting nanotubes (E As noted previously 26 , the exceptionally strong polarization-dependence of THz transmission through aligned CNT films can be utilized to form an ideal THz polarizer with extremely large extinction ratios (ER); ER = T /T ⊥ , where T (T ⊥ ) is the transmittance for the parallel (perpendicular) polarization. Figure 2d shows time-domain waveforms of THz radiation transmitted through an aligned arc-discharge SWCNT film on an intrinsic silicon substrate for polarizations parallel and perpendicular to the alignment direction, together with a reference waveform obtained for the substrate alone. The data for the perpendicular case completely coincides with the reference trace, i.e., no attenuation occurs within the SWCNT film. On the other hand, there is significant attenuation for the parallel case. Note that the THz beam had a mm 2 size, thus probing a macroscopic area. Figure 2e shows a more detailed polarization-angle dependence of THz attenuation, plotted as a function of the angle between the THz polarization and the nanotube alignment direction. The attenuation anisotropy allows us to calculate the value of S in a straightforward manner 26 , which also agrees with the value obtained by Raman spectroscopy. The value of ER monotonically increases with the film thickness at ∼12 dB/100 nm, while high values of S are maintained even for relatively thick films (Fig. 2f ).
Spectroscopy of spontaneously aligned carbon nanotubes

Universal applicability of vacuum filtration
Our method of making aligned films is universally applicable to different types of SWCNTs. Arc-discharge SWCNTs tend to align more strongly than other types of nanotubes, but further systematic studies using diameter-and length-sorted samples are needed to clarify whether this difference comes from their differences in
Alignment mechanism
The strikingly high values of S achieved precludes the possibility that the alignment mechanism is based on three-dimensional (3D) nematic ordering of rigid rods, for which Onsager's theory predicts an upper limit of S = 0.79 15, 27 . Formation of a 3D nematic liquid-crystal phase of CNTs would require a high CNT concentration 8 , with a threshold value ∼5 mg/mL for CNTs with l t /d t ∼ 10 3 . This condition was not met in our case (typical CNT concentration ∼ 15 µg/mL, and l t /d t = 150-550), suggesting that a different alignment mechanism is at work. A clue for the mechanism comes from our observation that the degree of alignment was sensitive to the hydrophobicity of the filter membrane surface, similar to a prior report on 2D nematic ordering of DNA-wrapped 2D surface confinement is a novel route towards fabricating ordered nanostructures 12, 20, 28, 29 .
In the Langmuir-Schaefer method 20 , for example, nano-objects initially float on the surface of water, i.e., confined at the interface between air and water, and eventually form an ordered phase.
However, CNT concentrations used in previous studies were extremely low (e.g., 0.1-1 µg/mL 12 ).
The obtained films of aligned CNTs remained small 12 and thin (limited to a monolayer 12 or several layers 20 ), and the degree of alignment was low 20 (e.g., the Raman G-peak intensity anisotropy ≈ 10, compared to ∼160 in our case). In addition to stronger alignment, our films have other distinct advantages. First, unlike the previous 2D ordering studies, we can continue accumulating aligned CNTs to achieve optically think films (∼100 nm); the fact that we get S values higher than the rigid-rod limit to such thicknesses suggests that some attractive interaction is present between the tubes when the surfactant concentration is low. Second, the cross-sectional areal density is as high as 10 6 nanotubes/µm 2 , orders of magnitude larger than any previous reports 12, 20, 28, 29 . These two advantages indicate that a transition from 2D-like to 3D-like ordering occurs as CNTs gradually accumulate on the surface; once there is an aligned layer, the CNTs that follow tend to align with the already-existing alignment direction. Finally, there is in principle no limitation on the achievable area of aligned films; practically, it is only limited by the size of the filter membrane.
Devices based on aligned carbon nanotube films
With the ultimate aim of developing optoelectronic technologies based on aligned single-chirality SWCNTs, we used CNT suspensions enriched in specific types and chiralities in making aligned CNT films (e.g., Suspension #6 in Table 1 ) and fabricated light emission and detection devices ( CNT-based light sources for producing polarized monochromatic radiation.
Our photodetector was a two-terminal device (see Methods and Fig. 3f ), which exhibited strongly polarization-sensitive photosignal (Fig. 3g) . The polarization ratio of photosignal magnitude was ∼2:1. The responsivity of the photodetector was estimated to be ∼0.1 V/W, after taking into account the actual power absorption of ∼3.1 mW when the light polarization is parallel to the CNT alignment direction. Compared to previous photodetectors with the same device architecture but consisting of a mixture of metallic and semiconducting SWCNTs 33 , the responsivity of the current photodectector has been enhanced by at least three times, most likely due to the removal of metallic tubes. It should be noted, however, that the current device design has not been fully optimized. With proper thermal management through selection and adjustment of substrates and other critical elements, the detector performance can be further improved 34 .
Finally, we fabricated electronic devices out of aligned CNT films using standard microfabrication techniques and tested their conductivities and transistor performance (Fig. 4) . First, we observed strong conductivity anisotropy in Hall-bar devices made of aligned unsorted arc-discharge CNTs at room temperature (Figs. 4a to 4b ). The ratio of conductivity between the parallel and perpendicular directions is as high as 60 (Fig. 4b) . The conductivity along the alignment direction was 2500 S/cm; this value is much higher than the typical conductivities reported for aligned films made from chemical vapor deposition grown CNTs, which are only ∼10 S/cm along the alignment direction 35 because of their low densities. Furthermore, our films are more conducting than previously reported dense random-network films, whose conductivities are typically on the order of hundreds of S/cm without intentional doping 36, 37 , while our films are not intentionally doped.
In addition, we investigated transistor behaviors of a (6,5)-enriched aligned film (Fig. 4c) .
As shown in Figs. 4d and 4e , the on-current density of the transistor in the parallel (perpendicular) direction is ∼2 nA/µm (∼80 pA/µm), indicating that the on-current density can be improved through aligning CNTs in one direction. Note that these nearly intrinsic semiconducting films are naturally much less conducting than purely metallic films or films with mixed electronic types.
As shown previously 38 , the on-current density can also be enhanced by using larger-diameter nanotubes, which is also demonstrated by our transistor based on semiconductor-enriched arcdischarge CNTs with an average diameter of 1.4 nm (Fig. 4e) . The device shows an enhancement of on-current density by ∼50 times compared to the (6,5) CNT transistor at the same drain-source voltage. The on-off ratios of our transistors are around 10 3 , which is comparable to previous results for transistors made of aligned CNT films. The relatively low on-off ratio is ascribed to the charge screening effect caused by the high packing of CNTs in one direction 20 . It can be potentially overcome by using a high-κ dielectric material or using a top-gate architecture.
(see Supplementary Fig. 10 ). Properties of fabricated CNT films were characterized by various methods. Anisotropic optical transmission on a large scale was characterized by polarized optical microscopy in both co-polarized and cross-polarized configurations. Alignment structure on micro-and nano-meter scales was examined by scanning electron microscopy (JEOL 6500F Scanning Electron Microscope) and transmission electron microscopy (JEOL 2100 Field Emission Gun Transmission Electron Microscope). The quality of CNT alignment was characterized in terms of local and global nematic order parameters based on polarized Raman spectroscopy (RENISHAW inVia Raman Microscope) and terahertz transmission spectroscopy (a home-made time-domain THz spectroscopy system). Film thicknesses were measured by atomic force microscopy (Bruker Multimode 8). The average lengths of CNTs in suspensions were measured by atomic force microscopy (see Supplementary Fig. 8 ). Photoluminescence excitation spectra of the single-chirality 
